The bacterial flagellar motor is a cell-envelope-embedded macromolecular machine that functions as a propeller to 14 move the cell. Rather than being an invariant machine, the flagellar motor exhibits significant variability between 15 species, allowing bacteria to adapt to, and thrive in, a wide range of environments. For instance, different torque-16 generating stator modules allow motors to operate in conditions with different pH and sodium concentrations and 17 some motors are adapted to drive motility in high-viscosity environments. How such diversity evolved is unknown.
Introduction 29
The bacterial flagellum is a macromolecular machine that transforms the movement of ions (H + or Na + ) across the
Results and Discussion 84
To determine the structures of the flagellar motors of L. pneumophila, P. aeruginosa, and S. oneidensis we imaged 85 intact cells of each species in a hydrated frozen state using ECT. We identified clearly visible flagellar motors in the 86 tomographic reconstructions and performed sub-tomogram averaging to enhance the signal-to-noise ratio, 87 generating a 3D average of the motor of each species at macromolecular resolution ( Fig. 1 and S1 ). While all three 88 motors shared the conserved core structure of the flagellar motor, they exhibited different periplasmic decorations 89 surrounding this conserved core. While the S. oneidensis and P. aeruginosa averages showed clear densities 90 corresponding to the stators (Fig. 1 E, F , K and L, orange density), none were visible in the L. pneumophila average, 91 suggesting that they were more variable, or dynamic. Interestingly, we observed a novel feature in the S. oneidensis 92 motor: an extra ring outside the outer membrane ( Fig. 1 A-F, purple density). This structure is reminiscent of the O-93 ring (outer membrane ring) described recently in the sheathed flagellum of Vibrio alginolyticus [17] . However, while 94 the V. alginolyticus O-ring was associated with a 90° bend in the outer membrane, no such outer membrane bend 95 was seen in the unsheathed S. oneidensis flagellum, so the function of this structure remains mysterious.
97
The most striking difference between the three motor structures was the L-and P-rings, which were highly 98 elaborated in S. oneidensis. The P. aeruginosa and L. pneumophila motors lacked additional rings associated with 99 the L-ring, but showed smaller elaborations of their P-rings. To determine whether flagellar motor structure 100 correlates with motor type, we compared our three new ECT structures with those of the five previously-published 101 Gammaproteobacteria motors (Fig. 2) . Two motors (Escherichia coli and S. enterica) have a single H + -driven stator 102 system, two motors have dual H + -dependent stator systems (P. aeruginosa and L. pneumophila), three motors have 103 Na + -driven systems (the three Vibrio species) and one motor has a dual Na + -H + -driven system (S. oneidensis).
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Interestingly, we found that motors with similar stator type also shared similar structural characteristics. While the 105 two motors with a single H + -dependent stator system did not show any periplasmic elaborations beyond the 106 conserved flagellar core, the dual H + -dependent stator systems had an extra ring surrounding their P-ring, with no 107 embellishment of the L-ring. The Na + -dependent motors of the Vibrio spp., together with the Na + -H + -dependent 108 motor of S. oneidensis have extra components surrounding both their P-and L-rings. In Vibrio, these extra H-rings was suggested to be specific to the Na + -driven Vibrio motors [20] with the FlgT protein required for the 112 formation of both rings [27] .
114
Previous studies showed that MotX and MotY are important for flagellar rotation in S. oneidensis but it was not 115 known whether they form part of the motor or not [28] . Similarly, bioinformatics analysis and biochemical studies 116 showed that MotY is involved in the function of the P. aeruginosa motor, but the structural basis of this role was not 117 known [24] . We therefore performed a bioinformatics search for candidate homologs of MotX, MotY, FlgO, FlgP 118 and FlgT in the genomes of P. aeruginosa, L. pneumophila and S. oneidensis to examine whether there is a 119 correlation between the presence of homologous genes and the extra periplasmic rings observed in the ECT 120 structures. While we found candidates for all five proteins constituting the T-and H-rings in S. oneidensis as 121 previously suggested [29] , only MotY candidates were found in L. pneumophila and P. aeruginosa (Table S1 ). This 122 is in accordance with our ECT structures, which showed that L. pneumophila and P. aeruginosa motors have a ring 123 surrounding only their P-rings while the S. oneidensis motor has rings surrounding both the P-and L-rings. These 124 rings are likely T-and H-rings, respectively, as in Vibrio. The lack of candidate MotX homologs in the genomes of 125 L. pneumophila and P. aeruginosa (Table S1 ) is consistent with their lack of PomB, the component of the Na + -126 dependent stator with which MotX interacts. Interestingly, the absence of candidates for FlgT in the L. pneumophila 127 and P. aeruginosa genomes suggests that it may not be required for the recruitment of MotY as in Vibrio species.
129
To see whether these correlations hold more broadly, we expanded our bioinformatics analysis to additional species 130 of Gammaproteobacteria. We examined the genomes of species with single H + -driven stator systems (Table S2) , contained a homolog of FlgO in addition to MotY. None of the eight species with dual H + -driven stator systems we 139 examined contained a homolog of FlgT, further suggesting that it is not essential for MotY stabilization in this group.
141
Together, our results from ECT imaging of flagellar motors in situ and bioinformatics analysis reveal a correlation 142 between the structural complexity of the flagellar motor of Gammaproteobacteria and the type of its torque-143 generating unit, the stator (summarized in Fig. 3 ). Low-speed motors with single H + -stator systems have only the P-144 and L-ring, while high-speed motors using Na + have two extra periplasmic rings, the T-and H-rings. Unexpectedly,
145
we find that motors with dual H + -driven stator systems represent a hybrid structure between the two, elaborating 
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Shewanella oneidensis MR-1 cells belonging to the strains listed in Table S7 were used in this study. They were 368 grown using one of the following methods: Luria-Bertani (LB) broth culture, chemostat, the batch culture method or 369 in a perfusion flow imaging platform. Detailed descriptions of these methods can be found in [30] . Briefly, in the 370 chemostat method, 5 mL of a stationary-phase overnight LB culture was injected into a continuous flow bioreactor 
385
For the perfusion flow imaging experiments, S. oneidensis cells were grown overnight in LB broth at 30 °C to an London finder Quantifoil EM was glued to a 43 mm × 50 mm no. 1 glass coverslip using waterproof silicone glue 388 (General Electric Company) and let dry for ~30 min. Using a vacuum line, the perfusion chamber (model VC-LFR-389 25; C&L Instruments) was sealed against the grid-attached glass coverslip. A total of ~10 mL of the washed culture 390 was injected into the chamber slowly to allow cells to settle on the grid surface, followed by a flow of sterile defined 391 medium from an inverted serum bottle through a bubble trap (model 006BT-HF; Omnifit) into the perfusion 392 chamber inlet. Subsequently, the flow of medium was stopped and the perfusion chamber was opened under sterile 393 medium. The grid was then detached from the coverslip by scraping off the silicone glue at the grid edges using a 394 22-gauge needle and rinsed by transferring three times in deionized water, before imaging by ECT.
396
Samples were also prepared from an aerobic S. oneidensis LB culture grown at 30 °C to an OD 600 of 2.4-2.8.
398
Pseudomonas aeruginosa PAO1 cells were first grown on LB plates at 37 °C overnight. Subsequently, cells were 
